Linear friction welding is a solid-state process that comprises rapid heating and cooling of the welded parts. Residual stresses (RS) as in every other welding process cannot be avoided. The presence of RS compromises the in-service performance and reliability. They influence stress corrosion cracking, fatigue strength, and the crack growth rate. Knowing the magnitude and nature of such stresses is critical for improving the quality of welded joints. Therefore, four different manufacturing stages of linear friction welded chain links were analyzed in the present study: "as forged" (F), "as welded" (A), "as welded" without flash (N), and post weld heat treated (P). The residual stress field was measured using the hole drilling (HD) method. The results of the hole drilling method showed to be independent of the measured position and symmetry with respect to the weld was observed in all evaluated regions. Close to the weld center line (WCL), the compressive stresses present in the "as forged" condition switched to tensile as a result of the welding process. However, in further regions, stresses remained almost unchanged for either A and N. The PWHT uniformizes the residual stress field along the whole weld region.
Introduction
Linear friction welding (LFW) is a process where friction is created through linear reciprocating movement of a part. After the material is heated, a compressive (forging) force which joins both components is applied [1] [2] [3] [4] [5] [6] . Material in the form of a flash is expelled from the weld interface due to the reciprocate movement of the part [7] . Due to all the advantages of the process, LFW implementation in the manufacturing of steel chains has been thoroughly investigated in the past years. The present work extends the knowledge on the topic by studying the RS field in steel chains joined using LFW.
Hole drilling is a semi-destructive method, relatively fast to apply and provides reliable results close to the surface of the structure of interest. A small hole is drilled on the specimen with a cylindrical end-mill, and the deformation on the surface is measured using a strain gauge rosette [8] [9] [10] [11] [12] . With this value, it is possible to calculate the stresses released in the specimen that are commonly biaxial [13, 14] . Stefanescu et al. [15] investigated the RS state in an aluminum alloy using HD and reported that it is possible to obtain reliable results until 1-mm depth of the hole.
The novelty in this article is presenting a quantitative measurement of the residual stress field in LFW 18CrNiMo7-6 steel chains, considering the welding parameters and the flash formation are already studied in detail [16] . The RS field was evaluated using HD technique. Not only in the as forged initial condition (F), but also in the as welded condition (A), so the influence of the process in the residual stress field is characterized.
Tests were also performed to study how this stress field is influenced by the removal of the flash (N) and, furthermore, analyze the consequences of performing a PWHT (P).
2 Experimental procedure-methodology
Materials and test coupons
The alloy used in this investigation is martensitic 18CrNiMo7-6 steel. The chemical composition in weight percent and the mechanical properties at room temperature are shown in Tables 1 and 2 , respectively.
The test coupons used were half chain links with the following dimensions: 77 mm length, 83 mm of width and a cross section of 22 mm of width and 24 mm of height as shown in Fig. 1 . The directions x, y, and z correlate with the directions of reciprocating movement, forging force and perpendicular to the reciprocating movement, respectively.
Welding
The welds were performed using a prototype linear friction welding machine at pewag Austria GmbH. The half links are firmly clamped in the machine. The apparatus consists of two actuators: the in-plane actuator responsible for the oscillating movement of the moving (M) part in the x-direction; and forge actuator that applies the axial load in the y-direction on the stationary (S) part. Optimized welding parameters were used for all samples [17].
Hole drilling method
This test was performed using a SINT MTS 3000 drilling system according to the ASTM E837 standard. This system consists of four main components: a mechanical driller, powered by an air turbine, with an assembled step motor, an electronic controller, operating software for the driller, and a post-processing software to calculate the stresses through the measured strains. The drilled holes have 1.6 mm diameter and a final depth of 1.5 mm. The strain gauge rosettes used were the circular HBM RY61S (0°/45°/90°) and the rectangular HBM RY61K (0°/45°/90°).
The hole drilling technique involves precision equipment. Hence, a careful preparation of the test coupons is required as well as a great expertise in handling the devices aforementioned. The surface where the strain gauge rosette was applied should be completely flat. Therefore, the measurement regions were grinded using a 320-μm paper. Afterwards, the grinded surface was cleaned with a solution of aceton+isopropanol to remove any impurities that could remain between the sample and the strain gauge rosette. The solution used was a HBM RMS1. The strain gauge rosette was glued to the sample using a cyanoacrylate HBM Z70 glue. After the rosette is glued to the specimen, the data acquisition cables were soldered using a standard soldering tool. A HBM FS01 flux was applied before soldering to avoid introduction of impurities. The application of the rosette as well as the soldering process may introduce strains that should not be accounted in the measurement. Thus, after soldering, the software was tared to make all the strains measured as zero.
The software used allows the calculation of the principal stresses using the deformation values measured. Through these values, it was possible to compute the stresses in the direction of the weld σ x and transversely to it σ y . The calculation method used was the Kockelmann's method, which relies on calibration functions, given in Eqs. 1 and 2. These functions can be obtained for all the strain gauge rosettes produced by HBM.
where ξ is the relation between the hole depth and the diameter, E the Young Modulus of the material, and ε x and ε y are the strains parallel and perpendicular to the reciprocating direction, respectively. The principal stresses σ 1,2 (ξ) and the orientation angle α can be calculated through Eqs. 3 and 4 respectively. 
